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Redox Potential: Differential Roles
in dCRY and mCRY1 Functions
dependent enzymes utilizing a flavin cofactor to repair
DNA, suggests that flavin-dependent reduction/oxida-
tion (redox) reactions may be involved in dCRY function.
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The crystal structures of the Escherichia coli cyclobu-MassGeneral Hospital for Children
tane pyrimidine dimer (CPD) photolyase [18] and of Ana-Massachusetts General Hospital
cystis nidulans CPD photolyase [19] are known, allowingand Harvard Medical School
for the prediction of residues that bind flavin in dCRY (forBoston, Massachusetts 02114
sequence comparison, see Figure S1 in Supplementary
Material available with this article online). dCRY light
responses are impaired by a missense mutation in oneSummary
of the four conserved residues predicted to bind flavin
(D410N, the dCRYb mutation) through perturbation ofCryptochromes (CRYs) are flavoproteins important for
flavin binding and/or a structural change in the proteinthe molecular clocks of animals [1]. The Drosophila
[3, 10, 16, 17].cryptochrome (dCRY) is a circadian photoreceptor
To more fully investigate the role of flavin in dCRY[2–5], whereas mouse cryptochromes (mCRY1 and
function, the other three conserved residues predictedmCRY2) are essential negative elements of circadian
to bind flavin were individually mutated to alanineclock transcriptional feedback loops [6–9]. It has been
(S267A, R381A, and D412A) and expressed in S2 cells.proposed that reduction/oxidation (redox) reactions
The dCRY mutants were tested in two establishedare important for dCRY light responsiveness [10] and
assays for light responsiveness: light-dependent reliefmCRY1 transcriptional inhibition [11–13]. We therefore
of dPER:dTIM inhibition of dCLK:CYC activation andevaluated the role of redox in light-dependent activa-
light-induced proteolysis [10, 16].tion of dCRY and in mCRY1 transcriptional inhibition
Three of four mutations of conserved, putative flavinin Drosophila Schneider 2 cells. Using site-directed
binding residues in dCRY resulted in loss of light re-mutagenesis, three of the four conserved flavin bind-
sponses (Figures 1A and 1B). At both concentrationsing residues in dCRY were found to be essential for
tested (100 ng and 300 ng of plasmid), dCRY-S267Alight responses, whereas three of the four correspond-
partially relieved dPER:dTIM inhibition under both light
ing residues in mCRY1 did not abolish transcriptional
and dark conditions, with no significant difference be-
responses. Two tryptophan residues in dCRY are criti- tween its light and dark activity (p  0.05; Figure 1A).
cal for its function and are likely involved in an intramo- dCRY-S267A protein levels were also unaffected by light
lecular redox reaction. The corresponding tryptophan (Figure 1B), in striking contrast with the light-induced
residues do not play a redox-mediated role in mCRY1 degradation of wild-type dCRY in S2 cells (Figure 1B)
function. The data provide a multistep redox model [10, 16]. A dCRY mutation in R381 (R381A), which is pre-
for the light-dependent activities of dCRY and suggest sumably salt bridged to D410 (the dCRYb-mutated resi-
that such a model does not apply to mCRY1 transcrip- due), in addition to binding flavin [18], also abolished
tional responses. light responsiveness in the two assays. dCRY-R381A
was constitutively active in the transcriptional assay
Results and Discussion (Figure 1A), and its levels were not consistently lowered
by light (Figure 1B). The dCRY-S267A and R381A mutant
dCRY Flavin Binding Mutations Abolish proteins are constitutively active in the transcription
Light Responses assay, most likely because they altered the positioning
The Drosophila circadian clock involves an autoregula- of the flavin chromophore in such a way that the flavin
tory feedback loop, in which PERIOD (dPER) and TIME- remained in its excited form.
LESS (dTIM) inhibit their own transcription by associat- dCRYb (dCRY-D410N) was inactive in the transcription
ing with the transcriptional activators dCLOCK (dCLK) assay and failed to respond to light in the proteolysis
and CYCLE (CYC) [14]. Light affects the feedback loop assay (Figures 1A and 1B), as previously established
by causing rapid degradation of dTIM by the proteasome [16]. Only dCRY-D412A retained significant light respon-
[15]. Drosophila cryptochrome (dCRY) appears to medi- siveness in the transcription assay (Figure 1A) and in the
ate this light effect, as suggested by its binding to dTIM light-induced proteolysis assay (Figure 1B). It is possible
and dPER in yeast and in Drosophila Schneider 2 (S2) that D412A is less important than the other three con-
cells [16, 17], its own light-dependent degradation by the served residues for holding the flavin in its correct posi-
proteasome in S2 cells [10, 16], and its light-dependent tion to enable dCRY light responses. The data show
ability to inhibit dPER:dTIM transcriptional repression that mutations in three of the four conserved residues
in the putative flavin binding pocket severely disruptin S2 cells [16].
dCRY light responsiveness.The homology between dCRY and photolyases, light-
mCRY1 Flavin Binding Mutations Do Not Abolish1Correspondence: steven.reppert@umassmed.edu
Transcriptional Inhibition2 Present address: Department of Neurobiology, University of Mas-
The mouse cryptochromes (mCRY1 and mCRY2) aresachusetts Medical School, 55 Lake Avenue North, Worcester, Mas-
sachusetts 01655. necessary for the negative regulation of mammalian
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Figure 1. Effect of Mutations in the Putative Flavin Binding Pocket
on dCRY Functions
Each of the four conserved residues predicted to bind flavin, based
on E. coli CPD photolyase [18], was mutated in dCRY and trans-
Figure 2. Effect of Mutations in the Putative Flavin Binding Pocketfected into S2 cells.
on mCRY1 Transcriptional Function(A) The effect of dCRY/dCRY mutants and light on dPER:dTIM inhibi-
tion of dCLK:CYC-activated transcription. Transfected cells were Each of the four conserved residues predicted to bind flavin, based
kept under conditions of constant darkness (DD, black bars) or on E. coli CPD photolyase [18], was mutated in mCRY1 and trans-
constant light (LL, white bars). The luciferase activity relative to the fected into S2 cells.
-galactosidase activity was computed and normalized such that (A) Transcriptional effects of mCRY1/mCRY1 mutants on CLOCK:
the mean value in the presence of dCLK alone was 100%. Each BMAL1 transcriptional activity. Increasing doses of plasmid (5–50
value is the mean  SEM of three replicates. The cotransfection of ng) were examined for each mCRY1/mCRY1 mutant construct. The
dCRY or dCRY-D412A caused significant light-dependent derepres- luciferase activation relative to the -galactosidase activity was
sion of dPER:dTIM (bars denoted by an asterisk, p  0.01; two- computed and normalized to the CLOCK:BMAL1 response (in the
sample Student’s t test, unequal variance). No significant difference absence of mCRY1) of 100%. Each value is the mean  SEM of
(p  0.05) between light and dark activity was observed for any of three replicates.
the other mutants. The results shown are representative of three (B) Relative level of expression of mCRY1 mutant proteins. Western
independent experiments. blots were performed on equivalent amounts of total protein extracts
(B) The effect of light on dCRY/dCRY mutant stability. Western blots from S2 cells transfected with V5 epitope-tagged expression con-
were performed on equivalent amounts of total protein extracts from structs. For each sample, protein levels, normalized to the level of
S2 cells transfected with V5 epitope-tagged expression constructs the cotransfected -galactosidase, were plotted as percentages
in constant darkness (DD, black bar) or constant light (LL, white relative to wild-type mCRY1 expression (100%). The values are
bar). Each dCRY/dCRY mutant construct was cotransfected with mean  SEM of four determinations from two independent experi-
V5-tagged -galactosidase, and the dCRY/dCRY mutant protein ments.
levels, normalized to the -galactosidase level, were plotted as per-
centages relative to the wild-type dCRY level in the dark (100%).
Similar light-dependent decreases in dCRY and dCRY-D412A were interaction with transcription factors and subsequent
seen in three independent assays (bars denoted by an asterisk),
negative regulation might involve a flavin-dependent re-whereas no consistent difference between light and dark protein
dox reaction [11–13]. To investigate the role of putativelevels was seen for any of the other mutants.
flavin binding residues in mammalian cryptochromes, a
mouse cryptochrome (mCRY1) counterpart of dCRYb
was generated (D387A), and the other three conservedclock feedback loops [7, 9]. Indeed, cell culture studies
show that the mCRY proteins are potent inhibitors of residues presumed to bind flavin in mCRY1 were individ-
ually mutated to alanine (S252A, R358A, and D389A)transcriptional enhancement by CLOCK:BMAL1 [8, 9,
20], mouse homologs of dCLK:CYC [21]. and expressed in S2 cells. The mCRY1 mutants were
tested for their ability to inhibit CLOCK:BMAL1-acti-Because the mCRY proteins most likely bind a redox-
competent chromophore, flavin, it is possible that their vated transcription.
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Figure 3. Effect of Mutations in the Putative Electron Transfer Chain of dCRY
Each of the three conserved tryptophan residues, whose counterpart participates in electron transfer in E. coli CPD photolyase (see Figure
S1 in the Supplementary Material), was mutated in dCRY and transfected into S2 cells.
(A) The effect of dCRY/dCRY mutants and light on dPER:TIM inhibition of dCLK:CYC-activated transcription. Cells were kept under constant
darkness (DD, black bars) or constant light (LL, white bars). The luciferase activity was computed relative to -galactosidase activity and
normalized such that the value in the presence of dCLK alone was 100%. Each value is the mean SEM of three replicates. The cotransfection
of dCRY, dCRY-W342Y, dCRY-W342F, dCRY-W397Y, dCRY-W397F, and dCRY-W420A caused significant light-dependent derepression of
dPER:dTIM (bars denoted by an asterisk, p  0.01; two-sample Student’s t test, unequal variance). The dCRY mutants dCRY-W342A and
dCRY-W397A showed no significant light responsiveness (p  0.2). The results shown are representative of three independent experiments.
(B) The effect of light on dCRY/dCRY mutant protein stability. Western blots were performed on equivalent amounts of total protein extracts
from S2 cells transfected with V5 epitope-tagged expression constructs in continuous darkness (DD, black bar) or continuous light (LL, white
bar). For each construct, protein levels, normalized to the level of cotransfected -galactosidase, were plotted as percentages relative to the
dCRY level in the dark (100%). Consistent light-dependent decreases were seen in dCRY, dCRY-W342Y, dCRY-W342F, dCRY-W397Y, dCRY-
W397F, and dCRY-W420A (bars denoted by an asterisk; n  3 experiments). No consistent difference between light and dark levels was
detected for dCRY-W342A or dCRY-W397A. Because the level of expression of dCRY-W397A was very low, we generated another mutant
at this site, dCRY-W397L (see [C]).
(C) The effect of dCRY/dCRY mutants and light on dPER:dTIM inhibition of dCLK:CYC-activated transcription. Assays were performed as in
(A). dCRY-W397L exhibited no significant light-dependent derepression of dPER:dTIM (p 0.2; two-sample Student’s t test, unequal variance).
The cotransfection of dCRY, dCRY-W397Y, or dCRY-W397F caused significant light-dependent derepression of dPER:dTIM (bars denoted
by an asterisk, p  0.01; two-sample Student’s t test, unequal variance).
(D) The effect of light on dCRY/dCRY mutant protein stability. Western blots were performed and analyzed as in (B). dCRY-W397L was robustly
expressed but showed no reduction in protein level under light conditions. Consistent light-dependent decreases were seen for dCRY, dCRY-
W397Y, and dCRY-W397F (bars denoted by an asterisk; n  3 experiments).
Three of the mCRY1 mutants (mCRY1-S252A, -R358A, but significantly (p  0.05) impaired relative to wild-
type mCRY1 (Figure 2A). The dCRYb equivalent, mCRY1-and -D389A) at high concentrations (50 ng plasmid) in-
hibited CLOCK:BMAL1-activated transcription by 98%– D387A, exhibited a larger deficit in activity at decreasing
concentrations, however (Figure 2A). At even lower99%, similar to wild-type mCRY1 (Figure 2A). mCRY1-
D387A, the dCRYb counterpart, inhibited transcription doses, the other three mutants still showed only mild
(2-fold) impairment of function, compared to wild-typeby 84%, indicating some impairment of function (Figure
2A). However, a substantial level of activity remained mCRY1 (see Figure S2 in the Supplementary Material).
It is paradoxical that D387A impairs activity, butintact for mCRY1-D387A, in contrast to the complete
abolition of light-induced functions seen with dCRYb R358A maintains activity, since both D387 and R358 are
presumably involved in forming a salt bridge that plays(Figures 1A and 1B). To further assess the effect of
the mCRY1 mutations, we also tested each at lower an important role in holding flavin in its correct position
[18]. To assess whether the reduced activity of D387Aconcentrations. At lower doses of plasmid (5 ng or 10
ng), mCRY1-S252A, -R358A, and -D389A were mildly might be due to a disruption of flavin binding, we gener-
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Figure 4. Effect of Mutations in the Putative
Electron Transfer Chain of mCRY1
(A) Transcriptional effects of mCRY1 or
mCRY1 mutants on CLOCK:BMAL1 transcrip-
tional activity. Increasing doses of plasmid
(5–50 ng) were examined for each construct.
The luciferase activation relative to -galac-
tosidase activity was computed and normal-
ized to the CLOCK:BMAL1 response of 100%
(see the Supplementary Material). Each value
is the mean  SEM of three replicates.
(B) Relative level of expression of mCRY1 mu-
tant proteins. Western blots were performed
on equivalent amounts of total protein ex-
tracts from S2 cells transfected with V5 epi-
tope-tagged expression constructs. For each
sample, protein levels, normalized to the level
of cotransfected -galactosidase were plot-
ted as percentages relative to mCRY1 ex-
pression (100%). The values are mean SEM
of four determinations from two independent
experiments.
ated a double mutant R358A-D387A. Remarkably, the stress, the flavin molecule is oxidized into FAD and
becomes catalytically inert. Upon irradiation with whitedouble mutation substantially restored mCRY1 function.
The double mutant was highly effective in transcriptional light, the photolyase regains its activity by transferring
an electron through an internal chain of three trypto-inhibition at high plasmid concentrations (50 ng) and
appeared to have intermediate potency at lower concen- phans to the flavin [23, 24]. To study whether electron
transfer through the corresponding tryptophans mighttrations (Figure 2A). The restoration of functional activity
in the double mutant was probably even greater than is be involved in dCRY function, we mutated these trypto-
phan residues to alanine in dCRY (W342A, W397A, andapparent, because of its lower expression level com-
pared to that of the single mutant D387A (Figure 2B). W420A) and evaluated the activity of the mutant proteins
in S2 cells, using the transcriptional assay and proteoly-The maintenance of substantial negative transcriptional
activity in the double mutant, which presumably would sis assay previously discussed.
dCRY-W342A and dCRY-W397A were deficient in me-have even less ability to bind flavin, strongly suggests
that the impaired function of the D387A single mutant diating light-induced transcriptional derepression, show-
ing no significant light responsiveness (p 0.2), whereaswas caused by electrostatic perturbation of mCRY1
structure, due to an unpaired charge (R358), not by an dCRY-W420A was significantly light responsive (p 
0.01) and was not significantly different from wild-typealteration in its ability to bind flavin.
In contrast to the dCRY results, only one mCRY1 mu- dCRY in this response (p  0.05; Figure 3A). Similarly,
dCRY-W342A and dCRY-W397A were not light respon-tation modestly affected its transcriptional activity, and
this appeared to be due to electrostatic perturbation of sive in the proteolysis assay, whereas dCRY-W420A was
consistently degraded by light (Figure 3B). Even thoughthe protein structure. Thus, mutational analysis sug-
gests that the correct positioning of flavin in its binding dCRY-W342A lost its light responsiveness and, in most
assays, proved to be inactive (Figures 3A and 3C), inpocket is essential for the light responsiveness of dCRY,
but not for the activity of mCRY1. some assays, this mutant had limited ability to relieve
dPER:dTIM inhibition, independent of the lighting condi-
tions. The residual activity could be due to the intactIntramolecular Redox Is Critical
for dCRY Functions W397 that may still be able to transfer electrons to the
flavin, but at very low efficiency.Photolyases repair UV light-induced pyrimidine dimers
through intermolecular redox between the reduced fla- Because dCRY-W397A was poorly expressed (Figure
3B), we generated another mutant, dCRY-W397L, to de-vin, FADH, and DNA [22]. However, in bacterial photoly-
ases, an intramolecular redox pathway has also been termine whether the loss of activity in dCRY-W397A
was due to its low level of expression or an inability todiscovered. Under purification conditions or oxidative
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mediate redox. Leucine was selected for this substitu-
tion because it is a small hydrophobic residue, like ala-
nine, and is unlikely to participate in redox-mediated
reactions. dCRY-W397L lost its light responsiveness
(p  0.2) and activity (Figure 3C), while retaining a high
level of expression (Figure 3D).
To determine whether the loss of activity of dCRY-
W342A and dCRY-W397A/L was secondary to a struc-
tural change, or whether their inactivity was due to a
block in intramolecular redox, we replaced each of these
tryptophan residues with tyrosine or phenylalanine, resi-
dues that are structurally unlike tryptophan but are still
capable of electron transfer [25, 26]. Importantly, the
light-dependent activity was fully restored by all four
mutations (W342Y, W342F, W397Y, W397F) in both the
transcriptional assay (Figures 3A and 3C) and the prote-
olysis assay (Figures 3B and 3D). These results strongly
suggest that intramolecular redox is involved in the light-
induced activity of dCRY in cell culture and that W420 is
less critical than the other two tryptophans for this redox
pathway. Furthermore, generation of a double mutant,
dCRY-W342A-R381A, suggests that flavin excitation is Figure 5. Redox Model of dCRY Action
accompanied by intramolecular redox for dCRY activa- In the dark, the dCRY flavin is maintained in the oxidized (FAD) or
semireduced (FADH.) state. Light is absorbed by dCRY (I) and causestion (see Figure S3 in the Supplementary Material).
the excitation of flavin (asterisk, II) either by direct light absorption
by the flavin or by transfer of energy (E) from the light-harvesting
Intramolecular Redox Is Not Essential for mCRY1 chromophore (pterin, methenyltetrahydrofolic acid, MTHF). As a result,
an electron from nearby tryptophan residues (TrpH) is extracted toTranscriptional Inhibition
generate a fully reduced, catalytically active chromophore (*FADH,Unlike photolyases and dCRY, mCRYs do not appear
III). Subsequently, the reduced flavin transfers the electron to anto be light responsive, since they are constitutively ac-
acceptor molecule, such as dTIM or dPER (IV). The positively
tive as transcriptional inhibitors in cell culture, regard- charged donor tryptophan releases a proton (H) to the solvent to
less of the light conditions [27]. Nevertheless, we individ- return to the ground state.
ually mutagenized the three tryptophan residues (W320,
W374, and W397), homologous to those we mutated in
dCRY, to address the possibility that light-independent on flavin positioning or intramolecular redox. None-
theless, our results in the S2 cell system suggest thatelectron transfer affects the transcriptional response.
All three mCRY1 mutants (W320A, W374A, W397A) precise flavin positioning and intramolecular electron
transfer are not essential for mCRY1 inhibition of CLOCK:were fully active (90%–95% inhibition) when 50 ng of
each construct was transfected into S2 cells. At a lower BMAL1 transcriptional activation, since nearly maximal
inhibition was achieved even when the presumably keydose (5 ng plasmid), 70%–80% inhibition was achieved
(Figure 4A). At lower doses, the three tryptophan-to- residues were mutated. However, it is possible that the
mutagenesis affected the positioning of flavin, but thatalanine mutations showed 4-fold impairment of func-
tion, compared to wild-type mCRY1 (see Figure S2 in the flavin was still able to accept and donate electrons.
Therefore, we cannot rule out a possible role for flavin-the Supplementary Material). This reduced activity could
be due either to a structural change or perturbation mediated intermolecular redox in mCRY1 function, and
indeed one of the flavin binding residue mutantsof intramolecular redox. To distinguish between these
possibilities, we replaced each of the three tryptophans (mCRY1-D387A) had impaired function. Nevertheless,
our results strongly suggest that intramolecular redoxwith redox-competent tyrosine, as in the dCRY studies.
Interestingly, the activity of the W320Y and W374Y mu- through an internal chain of tryptophans is not needed
to activate mCRY1 for transcriptional inhibition oftants was not significantly different (p 0.05) from those
with the corresponding alanine mutations (Figure 4A); CLOCK:BMAL1 or MOP4(NPAS2):BMAL1 (see Figure S4
in the Supplementary Material). Moreover, our data sug-that is, they produced a mild decrease in activity at low
concentrations and full activity at high concentrations. gest a multistep model for light-induced dCRY activity
combining intramolecular and flavin-dependent inter-The level of expression of each of these tryptophan
mutants was comparable to that of wild-type mCRY1 molecular redox reactions (Figure 5).
(Figure 4B). Taken together, the results show that intra-
Supplementary Materialmolecular electron transfer through these tryptophans
Supplementary material including detailed Experimental Procedures,is not essential for mCRY1 inhibition of CLOCK:BMAL1-
additional Results and Discussion, and Supplementary figures is avail-
mediated transcription. able at http://images.cellpress.com/supmat/supmatin.htm.
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